Abstract. The first step in the assembly of new chromatin is the cell cycle-regulated synthesis and nuclear import of core histones. The core histones include H2A and H2B, which are assembled into nucleosomes as heterodimers. We show here that the import of histone H2A and H2B is mediated by several members of the karyopherin (Kap; importin) family. An abundant complex of H2A, H2B, and Kap114p was detected in cytosol. In addition, two other Kaps, Kap121p and Kap123p, and the histone chaperone Nap1p were isolated with H2A and H2B. Nap1p is not necessary for the formation of the Kap114p-H2A/H2B complex or for import of H2A and H2B. We demonstrate that both histones contain a nuclear localization sequence (NLS) in the aminoterminal tail. Fusions of the NLSs to green fluorescent protein were specifically mislocalized to the cytoplasm in kap mutant strains. In addition, we detected a specific mislocalization in a kap95 temperature-sensitive strain, suggesting that this Kap is also involved in the import of H2A and H2B in vivo. Importantly, we show that Kap114p, Kap121p, and Kap95 interact directly with both histone NLSs and that RanGTP inhibits this association. These data suggest that the import of H2A and H2B is mediated by a network of Kaps, in which Kap114p may play the major role.
Introduction
The eukaryotic chromosome is comprised of DNA and its major protein component, histones. This group of proteins includes the core histones H2A, H2B, H3, and H4 as well as the linker histone H1 (Kornberg and Lorch, 1999) . Two copies of each core histone are assembled into an octamer, which has ‫ف‬ 146 base pairs of DNA wrapped around it, to form a nucleosome core (Luger et al., 1997) . The four core histones have a similar overall structure, consisting of basic amino and carboxy termini and a hydrophobic, globular internal region that forms the histone-fold domain (Luger et al., 1997) . Posttranslational modifications of the positively charged histone amino-terminal tails modulate the structure of chromatin and play an important role in many DNA template-dependent processes such as replication, recombination, repair, and transcription (Strahl and Allis, 2000) . They may also function in histone deposition and nucleosome assembly (Strahl and Allis, 2000) .
Before their assembly onto the nucleosome, histones are complexed with specific chaperones, such as Nap1p, which are believed to play an important role in directing histone deposition, although the specific function of these factors is not well understood (Adams and Kamakaka, 1999) . Nap1p forms a complex with histones H2A and H2B in the cytoplasm, and has been postulated to play a role in their import into the nucleus (Ishimi et al., 1984; Chang et al., 1997) . In higher eukaryotes, Nap1 has been shown to localize to the nucleus in a cell cycledependent manner (Ito et al., 1996) . This dynamic nuclear localization in S phase correlates with the synthesis of histones, which also peaks in S phase (Adams and Kamakaka, 1999) . In yeast, additional functions have been ascribed to Nap1p, as it has been shown to interact with B-type cyclins and may play a role in mitosis .
One of the first steps of nucleosome assembly is the import of newly synthesized histones into the nucleus. Nucleocytoplasmic transport of proteins and RNA is mediated through the nuclear pore complex (NPC), 1 a large protein complex embedded in the nuclear envelope (reviewed in Nakielny and Dreyfuss, 1999; Gorlich and Kutay, 1999) . The NPC serves as the site of interaction for soluble factors involved in nuclear transport (Rout et al., 2000) . Transport is mediated by a family of evolutionarily conserved, structurally similar, soluble transport receptors called karyopherin ␤ s (Kaps, also called importins, exportins, and transportins) Pemberton et al., 1998; Wozniak et al., 1998) . Members of this family mediate the import and export of cargo through the NPC and are able to dock at specific sites on the NPC (Nakielny and Dreyfuss, 1999; Gorlich and Kutay, 1999) . Most Kaps bind directly to nuclear localization sequences (NLS) within their cargo. The NLSs recognized by most Kaps are largely undefined, and those identified so far suggest that they are very diverse Senger et al., 1998; Nakielny and Dreyfuss, 1999; Lee and Aitchison, 1999) . Kaps can also interact with a subset of NPC proteins and the small GTPase Ran, which acts as a molecular switch and terminates transport cycles Izaurralde et al., 1997; Moore, 1998) . One member of the Kap family, Kap ␤ 1 (Kap95p in yeast; Enenkel et al., 1995) , can also bind its cargo via an adaptor protein, Kap ␣ (Kap60p in yeast). Kap ␣ binds to "classical" or "basic" NLSs, exemplified by that found in SV40 large T antigen (SV40) and nucleoplasmin, which include several basic amino acids Nakielny and Dreyfuss, 1999) .
The Saccharomyces cerevisiae genome encodes 14 Kaps, and most of these appear to have one if not several human homologues Pemberton et al., 1998; Wozniak et al., 1998) . 10 Kaps have been shown to be involved in nuclear import, three have been demonstrated to be export receptors, and one has been shown to function in both import and export Wozniak et al., 1998; Yoshida and Blobel, 2001 ). To date, there are only one or two cargoes known for most Kaps. This is likely far from complete, as there are ‫ف‬ 1,000-2,000 nuclear or nucleocytoplasmic shuttling proteins and 10 import Kaps in yeast, suggesting that each Kap has many cargoes. How each Kap can interact with several NLSs and distinguish between distinct NLSs is not known. The import Kaps, with the exception of Kap95p and Kap121p, are encoded by nonessential genes Wozniak et al., 1998) . However, nonessential Kaps function in the import of essential proteins, such as TFIIA and the TATA binding protein (TBP), suggesting that the members of the Kap family may have partially overlapping functions (Pemberton et al., 1999; Titov and Blobel, 1999) . This notion, coupled with the fact that they probably recognize several if not hundreds of cargoes, suggests that their coordination may be very complex.
The import of histone H1 has been previously shown to be a receptor-mediated process, even though H1 is small enough to diffuse through the NPC (Breeuwer and Goldfarb, 1990; Kurz et al., 1997) , and recently the mammalian importin ␤ 1/importin 7 heterodimer was shown to be able to mediate H1 import in vitro (Jakel et al., 1999) . Of the core histones, only the histone H2B NLS has been studied in any detail (Moreland et al., 1987; Marchetti et al., 2000) . Amino acids 22-33 of yeast H2B were shown to be sufficient to localize a reporter protein to the nucleus (Moreland et al., 1987) . Since this domain of the H2B amino terminal tail is positively charged and resembles the SV40 NLS, it was assumed that H2B import is mediated by a Kap ␣ -dependent pathway (Moreland et al., 1987) . Contradictory reports in different systems have suggested that the import of H2A/H2B is both Kap ␣ /Kap ␤ 1 independent and that H2A/H2B binds directly to Kap ␤ 1 (Johnson-Saliba et al., 2000; Langer, 2000) .
We have previously shown that Kap114p imports TBP into the nucleus (Pemberton et al., 1999) . We were able to show that while Kap114p mediates the major import pathway for TBP, two other Kaps, Kap121p and Kap123p, may also function in TBP import (Pemberton et al., 1999) . Here we show that Kap114p also mediates the nuclear import of histones H2A and H2B, suggesting an important role for this Kap in the assembly of new nucleosomes. We show for the first time that H2A and H2B each have distinct NLSs in their amino terminal tails, both of which are recognized by Kap114p. We also demonstrate that the chaperone Nap1p is not necessary for the formation of a competent transport complex in vivo. The import of H2A and H2B is mediated by a network of Kaps, including Kap114p, Kap121p, Kap123p, and Kap95p, several of which we have shown to bind directly to the amino terminal tails of H2A and H2B. This suggests a new model for the organization of a subfamily of import Kaps and their essential cargoes.
Materials and Methods

Yeast Strains
All yeast strains (except where noted as W303) were derived from DF5 and the procedures for yeast manipulation were as described (Sherman et al., 1986; Pemberton et al., 1997) . Construction of all Kap mutant and deletion strains has been described previously: ⌬ kap104 (Aitchison et al., 1996) , ⌬ kap119 ( nmd5 ; Albertini et al., 1998) , ⌬ kap108 ( sxm1 ; Rosenblum et al., 1997) , ⌬ kap111 ( mtr10 ; Pemberton et al., 1997) , ⌬ kap114 (Pemberton et al., 1999) , ⌬ kap12 3 (Rout et al., 1997) , ⌬ kap142 ( msn5 ; Yoshida and Blobel, 2001) , kap95ts (in W303; Koepp et al., 1996) , kap121ts (pse1-1 in W303 ; Seedorf and Silver, 1997), srp1-31 (in W303; Loeb et al., 1995) , except for ⌬ kap120 , which was a gift of Susana Chaves and Günter Blobel (The Rockefeller University, New York, NY). The kap114/pse1-1 and Kap114-protein A (PrA)/ ⌬ nap1 strains were created by mating, sporulating, and dissecting the relevant haploid strains. Histones in yeast are each encoded by two separate genes, strains expressing the Htb1-PrA (H2B-PrA) and Hta1-PrA (H2A-PrA) were constructed by integrative transformation of the coding sequence of four and a half IgG binding repeats of Staphylococcus aureus PrA immediately upstream of the relevant stop codon, as described (Aitchison et al., 1995) . H2A-PrA/ ⌬ kap114 and H2B-PrA/ ⌬ kap114 were created by integration of the PrA sequences into haploid ⌬ kap114 strains.
Plasmids
Green fluorescent protein (GFP) reporter constructs were based on pGFP-C-FUS and pGFP-N-FUS as previously described (Niedenthal et al., 1996) . The sequence of a second GFP was cloned into these vectors to create the GFP 2 vectors. All H2A and H2B constructs were made using sequences from the HTA1 (H2A) and HTB1 (H2B) genes, and cloned into the relevant GFP 2 vectors. For the in vitro translation experiments Kap114, Kap121, Kap108, Kap95 was expressed from pET21a (Invitrogen). The NLS domains of H2A (amino acids 1-46) and H2B (amino acids 1-52) were expressed as glutathione-S-transferase (GST) fusions in pGEX-4T1 (Amersham Pharmacia Biotech). Kap ORFs were expressed as GST fusions in pGEX-5X1 (Kap114), pGEX-4T1 (Kap121), or pGEX-2TK (Kap95).
Cell Culture and Microscopy
Conventional immunofluorescence microscopy on yeast spheroplasts was done as previously described . Strains harboring plasmids based on pGFP-C-FUS and pGFP-N-FUS were grown in SCura, transferred to SC-ura-met, and incubation was continued for 2 h to induce the reporter. Cells were cultured at 23 Њ or 30 Њ C as described. All microscopy was performed on a Nikon Microphot-SA microscope using a 253 60 ϫ (in figures) or 100 ϫ (for quantitation) objective. Images were captured with digital camera into the OpenLab 2.0.6 software. All images (in figures) were taken at 200 ms (except for wild type, which were taken at 100 ms because the nuclear fluorescence was so bright) and manipulated identically in Adobe Photoshop. For quantitation, 10-20 random images containing multiple cells were captured for each cell type in 12-bit format, avoiding saturation of maximum pixel value. Mean fluorescent intensity in a 36-pixel box (0.72 ϫ 0.72 m) was measured in the nuclear and cytoplasmic compartment (excluding vacuoles) of multiple cells. Mean pixel values were used to determine the nuclear:cytoplasmic (N:C) ratio of fluorescence intensity. The mean N:C ratio was determined from 50 cells for each cell type and reporter. Images shown in figures were manipulated using Adobe Photoshop.
Protein Purification
Postnuclear, postribosomal cytosol was prepared from 2 liters of the Kap114-PrA and H2B-PrA strains and 1 liter of the other PrA-tagged strains, grown to an OD 600 of 1.6 as described (Aitchison et al., 1996) . Kap114-PrA, H2A-PrA or H2B-PrA and associated proteins were immunoisolated by overnight incubation of cytosol with rabbit IgG Sepharose as described (Aitchison et al., 1996; Pemberton et al., 1997) . After washing in TB (20 mM Hepes, pH 7.5, 110 mM KOAc, 2 mM MgCl 2 , 1 mM DTT, 0.1% Tween-20), proteins were eluted from the Sepharose with a step gradient of MgCl 2 and precipitated with methanol before analysis by SDS-PAGE. Coomassie blue staining bands were excised and prepared for analysis by matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry (MS), and by peptide sequencing as described (Fernandez et al., 1994; Gharahdaghi et al., 1996) . For Western blotting, proteins were transferred from SDS-PAGE gels onto PVDF membrane and probed with antibodies as noted. The Nap1p (Santa Cruz Biotechnology, Inc.), Kap121p, and Kap123p antibodies have been previously described (Rout et al., 1997; Marelli et al., 1998) . Antibody interaction was visualized by labeling with HRP-conjugated secondary antibodies followed by ECL (Amersham Pharmacia Biotech).
Nano-HPLC Microelectrospray Ionization Mass Spectrometry Analysis and Database Searching
For analysis of the entire interacting fraction, the Sepharose and associated proteins were washed extensively in TB and 50 mM MgCl 2 . The associated proteins were then eluted with 1 M MgCl 2 . This fraction was buffer exchanged five times with 100 mM ammonium acetate, pH 8, 0.05% CHAPS, and concentrated in a Minicon. An aliquot of the sample was digested with modified trypsin (Promega) at room temperature for ‫ف‬ 18 h. The digest was frozen at Ϫ 35 Њ C until analyzed. An aliquot of the digested sample was acidified, and then analyzed by nano-HPLC microelectrospray ionization ( ESI) mass spectrometry. All mass spectrometric analyses were performed on an LCQ ion trap mass spectrometer (Finnigan). Briefly, nano-HPLC columns were constructed from 360 ϫ 75-m fused silica and packed with 7-cm C18 beads (YMC ODS-AQ; Waters). The HPLC gradient was 0-60% B in 70 min, and 60-100% B in 15 min. Solvents A and B were 0.1 M acetic acid in water and 0.1 M acetic acid in 70% acetonitrile, respectively. To determine amino acid sequence, the mass spectrometer was operated in a data-dependent mode in which six scan events were cycled continuously. Scan event 1 was an MS scan from m / z 300 to 2,000, and scan events 2-6 were MS/MS scans on the five most abundant ions detected in scan event 1. The m / z ratio for the ions that had been selected for fragmentation were then dynamically excluded for 1 min from further fragmentation repeat count 1 (pre-exclude time, 30 s). Filtering software was employed to reduce the number of low quality MS/MS spectra and to determine the charge state of the peptides subjected to MS/ MS. The filtered MS/MS spectra were searched against S. cerevisiae database using SEQUEST (Eng et al., 1994; Yates et al., 1995) . Peptides from the protein databases are scored and ranked based on the similarity between the experimental and theoretical spectra. Peptides with cross correlation scores Ͼ 2 were manually confirmed. Peptides were synthesized by the solid phase method using standard fmoc chemistry, purified by reverse phase HPLC, and analyzed for sequence.
Recombinant Protein Expression and Binding Studies
Kaps and histone NLS constructs were expressed as GST fusions and purified from bacteria using glutathione-Sepharose. The GST tag was cleaved from purified Kaps using factor Xa (Kap114) or thrombin (Kap121 and Kap95). , 1997.) The Sepharose was then washed three times in binding buffer and once in PBS. The Sepharose was boiled in sample buffer and half the sample (for TNT synthesized Kaps) or the entire sample (for recombinant Kaps) was loaded on an SDS-PAGE gel. The TNT (Promega) reaction was carried out as per manufacturer's instructions using T7 polymerase. 50-l reactions contained 2 g of DNA (Kap114, Kap121, Kap108, or Kap95 in pET21a) and 20 Ci of translabel 35 Smethionine/cysteine (ICN Biomedicals). 1 l (2%) of the reaction was removed before histone binding and loaded on gel as "input."
Results
Kap114p Interacts with Histone H2A and H2B
Kap114p was genomically tagged with an in-frame carboxy-terminal fusion of the IgG binding domain of PrA. Kap114-PrA and its associated proteins were isolated by incubation of a post-ribosomal cytosol with IgGSepharose and elution with a step gradient of MgCl 2 (ranging from 0.05 to 4.5 M). The eluted fractions were analyzed by SDS-PAGE and Coomassie blue staining. Kap114-PrA was eluted at high concentrations of MgCl 2 (1-4.5 M). Several other bands were visible at lower MgCl 2 concentrations. A few faint bands were also seen in every fraction, including the final wash, suggesting that they may be nonspecific. We have recently shown that the import of TBP into the nucleus is mediated by Kap114p, and TBP was identified among a group of proteins that copurify with Kap114-PrA (Pemberton et al., 1999) . In addition, a previously uncharacterized doublet was visible that eluted at the same concentrations as TBP (0.25-1 M) and migrated at ‫ف‬ 16 kD (Fig. 1 a) . Each band from this doublet was excised individually and subjected to analysis by MALDI-TOF MS and Edman sequencing. Both methods demonstrated that the bands contained histones H2A and H2B (Edman sequenced residues: H2A amino acids 84-90, H2B amino acids 105-112), suggesting that H2A and H2B may be additional import cargoes for Kap114p.
H2A-PrA and H2B-PrA Localize to the Nucleus
To identify the proteins that may potentially mediate H2A and H2B import, we searched for proteins that interacted with H2A and H2B in cytosol. H2A and H2B are each encoded by two separate genes (Wallis et al., 1980; Choe et al., 1982) , and one copy of H2A and H2B were genomically tagged with PrA. We determined where the tagged proteins were localized by visualization of the PrA tags using indirect immunofluorescence on fixed cells. H2A-PrA and H2B-PrA both localized to the nucleus (Fig. 1 b) . This nuclear staining pattern suggested that the PrA-tagged copies of the histones were at least functional for nuclear import and were able to interact with the import machinery.
H2A-PrA and H2B-PrA Interact with Kap114p
In separate experiments, either H2A-PrA and interacting proteins or H2B-PrA and interacting proteins were isolated from cytosol as before. The PrA-tagged H2A and H2B both predominantly eluted in 4.5 M MgCl 2 fraction as expected (Fig. 1, c and d) , and Western blotting confirmed that these bands indeed contained PrA-tagged histone (data not shown). The amount of H2A-PrA and H2B-PrA visible by Coomassie staining appeared low, which may be due to low solubility after MgCl 2 elution and methanol- chloroform precipitation (Fig. 1, c and d ; note H2B pullout was performed with twice as much cytosol). Consistent with this notion, much larger amounts of histone were obtained by directly solubilizing the proteins bound to the IgG Sepharose in sample buffer (data not shown).
In both cases, the most abundant interacting proteins, migrating at ‫ف‬ 116, 60, and 16 kD, were excised from the gel and analyzed by MS as described (one band of ‫ف‬ 70 kD was not examined thus far). This analysis identified the H2A-interacting proteins as Kap114p, Nap1p, and H2B, respectively, and the H2B-PrA-interacting proteins as Kap114p and Nap1p. In addition, a band was visible that migrated with the same mobility as H2A that has yet to be analyzed. This data correlated with what we observed with Kap114-PrA, and suggested that Kap114p formed a cytoplasmic complex with H2A and H2B. It was not possible from this experiment to determine whether H2A or H2B bound directly to Kap114p as in both cases, both histones were present. Interestingly, with H2A-PrA, H2B appeared to elute in the 100-250-mM and the 4.5-M MgCl 2 fractions. Its presence in the 4.5-M fraction suggested that H2A-PrA and H2B were forming a tight heterodimer that was resistant to high concentrations of MgCl 2 . The presence of H2B in fractions eluting at lower concentrations of MgCl 2 suggested that some H2B may be bound less tightly or may interact with H2A via another protein.
H2A and H2B both Contain a Functional NLS
These experiments suggested that both H2A and H2B may be import cargoes for the karyopherin, Kap114p. As these histones are imported as a heterodimer, we wished to determine whether one or both histones contained a functional NLS. Previous studies have predicted that H2B contains a basic NLS in the amino terminus, from residues 22-33 (Moreland et al., 1987) . However, H2B lacking these amino acids was also imported, possibly via dimerization with H2A (Moreland et al., 1987) . We expressed H2A and H2B fragments that did not include their dimerization domains to determine the precise location of the NLSs (the dimerization domain is located primarily in the alpha-2 helix, see schematic representations in Fig. 2, a and b ; Luger et al., 1997) . Full-length H2A and H2B were expressed as fusions with two GFP moieties (GFP 2 ) and were strictly nuclear (shown in Fig. 3 b, below) . In addition, GFP 2 alone, with no NLS, appeared to be mainly cytoplasmic, with no detectable concentration in the nucleus (Fig. 2 a) .
To determine which domain of H2B contained the NLS, amino acids 1-52, 21-52, and 21-33 of H2B were fused to GFP 2 and shown to be sufficient to direct the reporter into the nucleus (Fig. 2 a) . In all cases, the fluorescent signal was concentrated in the nucleus and relatively low levels of cytoplasmic signal were visible. In contrast, residues 33-52 of H2B were insufficient to mediate nuclear accumulation of the reporter and the GFP signal was visible throughout the entire cell (Fig. 2 a) . Western blotting of these reporters with an anti-GFP antibody showed that the H2B 1-52 GFP 2 and H2B 21-33 GFP 2 fusion proteins were expressed at their expected sizes (data not shown). The H2B NLS we mapped was in good agreement with that determined by Moreland et al. (1987) . However, as H2B 1-52 was more nuclear than H2B [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] , it is possible that flanking sequences around amino acids 21-33 were also important. In addition, as the predicted H2A-H2B interaction domain was not present in these reporters, it was unlikely they were dimerizing with endogenous H2A (Luger et al., 1997) .
Similar experiments were carried out to determine whether H2A had an NLS, and where it was located in the protein. H2A has both an amino and a carboxy terminal tail outside of the main histone fold domain, and we postulated that the putative H2A NLS may be localized there. Amino acids 1-46 and 100-132 were expressed as aminoand carboxy-terminal GFP 2 fusions, respectively, in wildtype cells. H2A 1-46 was localized to the nucleus while H2A 100-132 appeared to be throughout the cell (Fig. 2 b) , suggesting that H2A contained an NLS localized in the amino-terminal tail. We also expressed H2A 1-23 and H2A 24-46 as GFP 2 fusions. H2A 1-23 was cytoplasmic, whereas for H2A 24-46 the nucleus was clearly visible (Fig. 2  b) . As the shorter NLS (amino acids 24-46) was significantly more cytoplasmic than the longer one (amino acids 1-46), it suggested that determinants amino terminal to this domain were also important (Fig. 2 b) . Thus, both H2A and H2B contain NLSs in their amino-terminal tails.
Nap1p Is Necessary Neither for the Interaction between
Kap114p and H2A/H2B, Nor for the Nuclear Localization of H2A and H2B
We identified Nap1p in coprecipitation experiments using both H2A-PrA and H2B-PrA. In addition, we also identi- fied several peptides from Nap1p by liquid chromatography/tandem mass spectrometry of a Kap114-PrA interacting fraction, and by immunoblotting Kap114-PrA interacting proteins with an anti-Nap1p antibody (data not shown). These experiments suggested that Nap1p may be bridging the interaction between the histones and Kap114p, or mediating their import into the nucleus in some other way. To test this, we PrA-tagged Kap114p in a haploid nap1 deletion strain. Western blotting of a wholecell lysate from this strain with an anti-Nap1p antibody confirmed the absence of Nap1p (data not shown). Kap114-PrA was isolated from cytosol made from this strain and the interacting proteins separated by SDS-PAGE. Consistent with earlier experiments, we detected two Kap114-PrA-interacting proteins that migrated at ‫61ف‬ kD (Fig. 3 a) . MS analysis of these bands determined that they contained histones H2A and H2B. These results suggest that Nap1p is not required for the interaction of H2A and H2B with Kap114p.
We determined whether Nap1p was required for the nuclear localization of H2A and H2B. The localization of H2A-GFP 2 and H2B-GFP 2 reporters was examined in wild-type cells and cells lacking Nap1p. We determined that H2A and H2B were localized to the nucleus with virtually no cytoplasmic signal in both wild-type and nap1 deletion strains (Fig. 3 b) . These results suggested that Nap1p is not required for the localization of H2A and H2B to the nucleus.
H2A and H2B Interact with other Kaps in the Absence of Kap114p
Our data suggested that H2A and H2B form an abundant cytoplasmic complex with Kap114p, suggesting Kap114p may represent their cognate import factor. Since Kap114p is not essential, whereas histones have an essential nuclear function, we speculated that other Kaps may also participate in the import of H2A and H2B. H2A and H2B were genomically tagged with PrA as before in kap114 deletion strains. After immunoisolation of H2A-PrA or H2B-PrA and separation of their associated proteins by SDS-PAGE from these strains, the visible bands appeared similar to those observed from strains expressing Kap114p (Fig. 4 , a and b, compare with Fig. 1, c and d) . However, in this case a major band in the Kap range ‫021ف(‬ kD) was not visible.
Bands with the expected mobility of Nap1p were observed (Fig. 4, a and b) , and confirmed by Western blotting (data not shown) and MS. Faint bands migrated in the expected position for Kap family members. To determine the interacting proteins more comprehensively, we devised an approach to analyze them all in one eluate. H2A-PrA interacting proteins were eluted by incubation with 1 M MgCl 2 , enzymatically digested, and the resulting peptides were analyzed by liquid chromatography/tandem mass spectrometry. For comparison, we first analyzed interacting fractions from H2A-PrA strains expressing Kap114p; this fraction contained multiple peptides from H2B, Nap1p, and Kap114p, consistent with our original data. The presence of these proteins was further confirmed by comparison of the MS/MS spectra with those of synthetic peptides. Interacting fractions from H2A-PrA/ ⌬kap114 strains contained no peptides corresponding to Kap114p, as expected, but several peptides corresponding to H2B and Nap1p were detected. In addition, peptides corresponding to karyopherins, Kap121p and Kap123p, were detected. We were also able to confirm the presence of Kap121p in the fraction by Western blotting with antiKap121p antibodies (Fig. 4 a) . Interestingly, the Kap121p appeared to elute at lower (50-100 mM) MgCl 2 concentrations than Kap114p, which eluted at 250 mM MgCl 2 (compare Figs. 1 c and 4 a) . These experiments suggested that in cytosol H2A-PrA is complexed, directly or indirectly, with H2B, Kap114p, Nap1p, Kap121p, and Kap123p. were expressed in wild-type (WT) and kap mutant strains (as indicated) and the GFP moiety detected by fluorescence imaging. The coincident Hoechst staining is shown. Strains were grown at 30ЊC, except for strains with temperature-sensitive alleles (kap121ts and kap95ts), which were grown at room temperature. Images were identically manipulated in Photoshop. (c) Images of the NLS reporterbearing strains, grown as above or as indicated, were captured by fluorescence imaging. The mean fluorescence intensity of a defined pixel area was measured in the nucleus (N) and cytoplasm (C), and used to calculate the N:C ratio of mean fluorescence intensity. The mean ratio for 50 cells is shown (columns), as well as the SD.
We determined whether Kap121p and Kap123p were also present in H2B-PrA/⌬kap114 interacting fractions by Western blotting with anti-Kap121p and anti-Kap123 antibodies. This demonstrated that Kap121p and Kap123p were also isolated with H2B-PrA (Fig. 4 b) . These data suggested that as with H2A, H2B interacted with Kap114p, Nap1p, Kap121p, and Kap123p.
Several Kaps, Including Kap114p and Kap121p, Import H2A and H2B
It was possible that Kap114p interacted with either the NLS of H2A or H2B, whereas another Kap may recognize the other NLS. Hence, heterodimerization of H2A and H2B in the cytosol would result in the coisolation of both histones with Kap114-PrA. In addition, either histone would be able to coisolate all of the Kaps involved. To determine the direct role of Kap114p and the additional Kaps in the import of both histones in vivo, we analyzed the localization of the NLS-GFP 2 constructs in strains bearing deletions or mutations in the KAP genes. The longer NLS constructs, H2A 1-46 GFP 2 and H2B 1-52 GFP 2 , were used for these studies as they were the most nuclear in wild-type cells, but were unlikely to dimerize with endogenous histones. In addition, we quantitated the mean N:C ratios of GFP fluorescence intensity for both reporters in the different strains. In wild-type cells, these reporters were strictly nuclear with an N:C ratio of ‫5.3ف‬ (H2A) and ‫3.4ف‬ (H2B) (Fig. 5 c) . In ⌬kap114 cells, both reporters were present in the nucleus, although there was more cytoplasmic signal than detected in wild-type cells. This correlated with the observed decrease in the N:C ratio compared with wild type (Fig. 5 c) . Due to its coisolation with H2A and H2B, we were particularly interested in the role of Kap121p in histone import. In a kap121ts (pse1-1) strain, which has a temperature-sensitive allele of KAP121, significant mislocalization of both H2A and H2B NLS reporters was observed (Fig. 5, a and b) , which correlated with a decrease in the N:C ratio (Fig. 5 c) . This decrease was larger than that observed with ⌬kap114 and more pronounced with H2B. In addition, in a kap121ts/⌬kap114 double-mutant strain, mislocalization of both reporters was even greater than in the single mutants, with much of the GFP signal localized to the cytoplasm (Fig. 5 a) . This mislocalization was reflected in a further statistically significant decrease in the N:C ratio from that observed in the kap121ts strain. We also determined the effect of shifting these strains to 37ЊC for 1 h; however, the GFP localization appeared similar to unshifted cells (data not shown). These results show that both Kap121p and Kap114p function in the import of both H2A and H2B in vivo.
In addition, we had detected a biochemical interaction of H2A and H2B with Kap123p. We observed a slight mislocalization of both reporters to the cytoplasm in the ⌬kap123 strain, with a concomitant decrease in the N:C ratio, similar to that observed with ⌬kap114 (Fig. 5, a-c) . We observed no mislocalization in the following deletion strains: ⌬kap119 (nmd5) and ⌬kap108 (sxm1) (Fig. 5, a and  b) , as well as ⌬kap104, ⌬kap111 (mtr10), ⌬kap120, and ⌬kap142 (msn5) (data not shown). However, when we quantitated the N:C ratio of the NLS reporters in the control ⌬kap108 strain, we did observe a small decrease that was more apparent with H2A. At present, we cannot rule out a minor role in import or nonspecific effects from the mutation. We also tested a kap95ts strain (Koepp et al., 1996) . In cells grown at room temperature, we detected significant cytoplasmic mislocalization of the H2A 1-46 GFP 2 reporter (Fig. 5 a) . This was reflected in the lowest N:C ratio observed in these experiments (Fig. 5 c) . Significantly less mislocalization of H2B 1-52 GFP 2 was observed (Fig. 5  b) , although after shifting the cells to 37ЊC for 3 h the reporter became more mislocalized (data not shown). Additionally, the N:C ratio decreased in contrast to similarly treated wild-type cells (Fig. 5 c) . To determine whether this effect was via the Kap60p/Kap95p heterodimer, we expressed the H2A 1-46 GFP 2 and H2B 1-52 GFP 2 fusion proteins in the kap60ts strain, srp1-31 (Loeb et al., 1995) . After shifting the temperature to 37ЊC for 3 h, many of the cells were dead, although cells with intact nuclei still expressed the GFP 2 reporter in the nucleus (data not shown).
These results suggested that Kap114p, Kap121p, Kap123p, and Kap95p play a role in the import of histones H2A and H2B. In addition, the role of Kap114p, Kap121p, and Kap123p has been suggested by the isolation of endogenous proteins in a complex with H2A and H2B. 35 Smethionine-labeled Kap114p, Kap95p, Kap121p, or Kap108p was incubated with Sepharose-bound GST (GST), GST-H2A amino acids 1-46 (GST-H2A), or GST-H2B amino acids 1-52 (GST-H2B). The bound material was separated by SDS-PAGE. Kaps were visualized by fluorography of the gels (top four panels). The reticulocyte lysate input (2% of reaction) is also shown. The GST and GST-fusion proteins for a representative experiment, visualized by Coomassie blue staining, are shown (bottom). (b) 1 g of purified, bacterially expressed Kap114p, Kap121p, or Kap95p was incubated with Sepharose-bound GST (GST), GST-H2A amino acids 1-46 (GST-H2A), or GST-H2B amino acids 1-52 (GST-H2B). Where indicated, the Kap was preincubated with 20 M human RanGTP Q69L. The bound material was separated by SDS-PAGE and visualized by Coomassie blue staining. Positions of GST-fusion proteins are indicated; additional lower bands are probably degradation products.
Kap114p, Kap121p, and Kap95p Interact Directly with the NLSs of H2A and H2B
The observed mislocalization of H2A and H2B NLS reporters in various Kap mutant strains suggested that several Kaps may interact with these domains. The primary sequences of the H2A and H2B NLSs are not significantly similar, although they both contain several basic residues, characteristic of histone tails. We therefore used in vitro binding studies to determine whether Kap114p, as well as other Kaps, could interact with recombinant NLS domains from H2A and H2B. Approximately equal amounts of GST-H2A 1-46 , GST-H2B 1-52 , and GST alone were bound to glutathione-Sepharose. The Sepharose was incubated with reticulocyte lysate containing 35 S-methionine-labeled Kap114p, Kap95p, Kap121p, or the control Kap, Kap108p. After washing and separating the bound proteins by SDS-PAGE, the gel was fluorographed. Kap114p bound to both the H2A and H2B NLSs, but not to GST alone (Fig.  6 a) . Interestingly, Kap95p and Kap121p also bound to the H2A and H2B NLSs, but not to GST (Fig. 6 a) , with more Kap95p binding to the H2A NLS than the H2B NLS. These results were consistent with the observed cytoplasmic mislocalization of the NLS-GFP fusions in the mutant strains (Fig. 5) . Only low levels of binding to Kap108p could be detected, which is consistent with our biochemical and in vivo experiments, which do not implicate this Kap as a major import factor for either H2A or H2B.
We wished to determine whether the binding observed for Kap114p, Kap121p, and Kap95p to the histone NLSs was mediated by direct interaction. It was possible that proteins present in the reticulocyte lysate were bridging the interaction. These Kaps were expressed and purified from bacteria as GST fusions. After removal of the GST moiety, binding assays were performed with purified protein as above. Analysis of the bound fractions revealed that recombinant Kap114p bound to the H2A and H2B NLSs (Fig. 6 b) . Kap114p was difficult to purify in a cleaved and active form, and some binding was observed between Kap114p and GST, although the relative amount was less than that bound to either histone NLS. Similar binding assays were performed with recombinant Kap121p and Kap95p, and both of these Kaps bound specifically to both histone NLSs and not GST alone (Fig. 6  b) . A maltose binding protein-Kap123p fusion also bound to the H2A and H2B NLSs and not to GST alone (data not shown). To show these Kap-NLS interactions were specific, each Kap was preincubated with a Ran mutant that was deficient in GTP hydrolysis, and consequently remains GTP bound. The binding of Kap121p and Kap95p to the histone NLSs was nearly completely prevented in the presence of RanGTP. The level of Kap114p binding was also reduced, although as this Kap also bound nonspecifically to GST it was not possible to determine how much binding was inhibited. These experiments suggest that Kap121p, Kap95p, and Kap114p bind directly to the NH 2 -terminal tails of H2A and H2B.
Discussion
Here we show for the first time that histones H2A and H2B both contain distinct NLSs in their amino-terminal tails. We demonstrate that the import factor Kap114p forms a cytoplasmic complex with the H2A/H2B heterodimer, via direct interactions with both NLSs. H2A and H2B also interact with other Kaps, including Kap121p, Kap95p, and Kap123p. Experiments in vivo suggest that each of these Kaps participates in H2A/H2B import and we propose that the import of abundant, essential proteins such as histones is mediated by a network of Kaps.
Histones H2A and H2B are imported into the nucleus as a heterodimer. We have demonstrated that both H2A and H2B have a functional NLS in their amino termini. Amino acids 21-33 of H2B represents a "minimal" NLS domain, which correlates with the NLS previously reported by Moreland et al. (1987) in fixed cells. H2B 1-52 was more nuclear, suggesting that the amino acids flanking the minimal domain are also important. We identified an NLS domain in H2A consisting of amino acids 1-46, although residues 24-46 gave some nuclear accumulation. In vitro binding experiments showed that amino acids H2A 1-46 and H2B 1-52 were sufficient to confer Kap114p binding. In vivo, it remains to be determined whether one or both NLSs in the H2A/H2B heterodimer simultaneously bind to Kap114p. Comparison of these two amino-terminal NLS sequences does not reveal any obvious similarities. Since the amino-terminal domains of histones have been shown to be substrates for several posttranslational modifications (Strahl and Allis, 2000) , it is possible that these modifications may also play a role in NLS recognition. Similarly, posttranslational modifications of the transcription factor Pho4p regulate its interaction with its import Kap (Kaffman et al., 1998) .
Kap114p also imports TBP into the nucleus, and this Kap may have several cargoes (Pemberton et al., 1999) . It is intriguing that the same Kap imports the H2A/H2B histone dimer and TBP. These proteins are fundamental for all aspects of gene regulation, but are generally perceived to have opposing effects. Sequence comparison of the NLSs of H2A and H2B with TBP does not reveal any obvious similarities at the amino acid level. Kap114p interacts directly with the NLSs of H2A, H2B, and with TBP (Pemberton et al., 1999) . In vivo, we do not know whether the Kap114p-TBP and Kap114p-H2A/H2B complexes are assembled independently or on the same Kap. How three apparently different NLSs could interact with the same domain on Kap114p is unclear, and structural determination of Kap114-cargo interactions should elucidate the mechanism of binding.
The NLS of H2B is rich in basic amino acids, suggesting it may represent a "classical" NLS (Moreland et al., 1987) . However, we have no evidence of Kap␣ binding to either the H2A or H2B NLS by PrA coimmunoprecipitation or by localization of the reporters in the Kap␣ ts strain, srp1-31. This data correlates with experiments in mammalian cells, where H2B import was not blocked by addition of excess SV40 NLS peptide in a permeabilized cell system (Langer, 2000) , suggesting that histones are imported by an ␣-independent pathway.
The biochemical coisolation of endogenous Kap114p, Kap121p, and Kap123p with H2A-PrA and H2B-PrA suggested that these Kaps mediate the import of H2A and H2B. Kap114p may play a more major role in H2A/H2B import, suggested by the fact that Kap114p was the pre-dominantly isolated Kap. Kap114p is less abundant than Kap121p, Kap123p, and Kap95p (Morehouse et al., 1999; Pemberton et al., 1999) . It is intriguing that when H2A-PrA, H2B-PrA, and TBP-PrA cytosolic complexes were purified, Kap121p and Kap123p were only readily detectable in the absence of Kap114p, and these Kaps were eluted from histones with lower concentrations of MgCl 2 . This suggests that these cargoes preferentially bind Kap114p before Kap121p and Kap123p.
To determine the role of these Kaps in vivo, we investigated the localization of H2A NLS-GFP and H2B NLS-GFP reporters in the corresponding Kap mutant strains. The H2A and H2B NLS-GFP reporters were mislocalized in strains with mutations in kap114, kap121, kap123, and kap95. Quantitation of fluorescence showed a significant decrease in the N:C ratios between wild-type and these mutant strains. In addition, an additive effect was measured in the ⌬kap114/kap121 ts mutant, with significantly more cytoplasmic mislocalization of both reporters than was detected in either single mutant. This demonstrates that both these Kaps function in histone import in vivo. We do not know why the effect was greater in the kap121ts strain than the ⌬kap114 strain, as H2A and H2B appear to preferentially bind Kap114p. It is possible that there are other pleiotropic defects in nuclear transport in this temperature-sensitive strain.
These experiments also suggested that Kap95p functioned in H2A import and to a lesser extent H2B import. We did not detect Kap95p by MS in our immunoprecipitation experiments using endogenous proteins. We could, however, show binding of Kap95p to the H2A and H2B NLSs using recombinant proteins. In addition, published studies using recombinant mammalian proteins in ELISAs suggest that Kap␤1 (human Kap95) may directly bind H2A/H2B in vitro (Johnson-Saliba et al., 2000) . We do not know whether additional Kaps can import histones H2A and H2B. Surprisingly, we did detect a small decrease in the N:C ratio of our "control" Kap, Kap108, that was not obvious from the fluorescent images. This decrease was less than that observed for kap114 and kap123 deletions. We cannot rule out the possibility that Kap108p plays a very minor role in import, or that this a pleiotropic defect of the mutant strain. Together, our in vivo data, both the isolation of endogenous protein complexes and the localization of NLS reporters in mutant strains, suggest a major role for Kap114p and Kap121p, and Kap123p and Kap95p in H2A and H2B import.
Our in vitro binding studies using recombinant NLSs and Kaps expressed in reticulocyte lysate or purified from bacteria confirmed that the same NLSs are recognized by Kap114p, Kap121p, Kap95p, and Kap123p. We were able to show that these interactions were specific as they were blocked by preincubation of the Kaps with RanGTP. Future experiments should determine whether additional factors stimulate the RanGTP-mediated dissociation of histones from Kaps, as was observed with Kap114p and TBP (Pemberton et al. 1999) . Although both H2A and H2B interact similarly with Kap114p, our results suggest that there maybe some subtle differences between the interactions of H2A and H2B with the other Kaps. We have evidence that more Kap121p and Kap123p are isolated with H2B. In fact, Kap123p was detected in the H2A-PrA coisolation by MS, but not detected by Western blotting, suggesting that it was present at lower levels than observed with H2B-PrA. In addition, we observed a more dramatic decrease in the N:C ratio of the H2B NLS-GFP, than of H2A NLS-GFP, in the kap121ts strain. In contrast, evidence that Kap95p appears to function preferentially with H2A comes from both the in vivo localization and in vitro binding experiments. It is interesting that these Kaps, which have low apparent sequence homology, bound the same NLSs in H2A and H2B.
In addition to the import of TBP, which is mediated by the same subgroup of Kaps discussed here (Pemberton et al., 1999) , the only other published examples of multiple Kaps importing a single cargo are in the Kap123p-and Kap121p-mediated import of yeast ribosomal proteins. There, Kap123p mediates the primary route into the nucleus (Rout et al., 1997) . Multiple Kaps have also been shown to import mammalian ribosomal proteins into the nucleus in vitro (Jakel and Gorlich, 1998) . However, in these experiments, it is not possible to compare the specific in vivo requirement for, and the contribution by, each Kap. Further examples of networks of import Kaps need to be characterized to determine their importance and hierarchy in vivo. We suggest that the import of essential proteins by several Kaps will represent a broadly relevant model.
It is probable that Nap1p interacts with the Kap114p-histone complex via one of the histones. The majority of cytosolic Nap1p is not complexed with Kap114p (Pemberton, L.F., unpublished data) and may be interacting with a pool of free histone monomers or dimers. One model is that Nap1p binds to histones as they are synthesized and, upon the interaction of Kap114p with the histone dimer, some fraction of Nap1p remains bound to the Kap114p-histone complex. This may be the route of Nap1p into the nucleus, where it carries out chromatin assembly functions. Immunofluorescence studies have demonstrated that the majority of Nap1p remains in the cytoplasm, and distinct cytoplasmic functions in mitosis have been determined Ito et al., 1996) . We have not detected any Nap1p in a complex with Kap123-PrA or Kap121-PrA in the presence of Kap114p (Pemberton, L.F., unpublished data) . This may be due to the fact that there is little histone bound to these Kaps in the presence of Kap114p, or that Nap1p may be functionally linked to the Kap114p-mediated import pathway. It is possible that Nap1p may help regulate the interaction between histones and Kap114p.
We propose a model where histone H2A/H2B is synthesized and heterodimerizes in the cytoplasm, and is bound by the chaperone Nap1p. The majority of this complex is imported into the nucleus by Kap114p. However, a fraction of H2A/H2B is imported by Kap121p or Kap123p, preferentially binding via H2B, and some is imported by Kap95p, binding via H2A. Future experiments will determine what factors regulate which Kap pathway is used, and whether different pathways are used under different conditions.
H2A and H2B are synthesized in S phase and must rapidly enter the nucleus as DNA is replicated. The production and import of H2A and H2B needs to also be coordinated with that of H3 and H4. Because of the importance of having the correct amounts of histones in the nucleus, it is not surprising that the import of these proteins is mediated by several independent transport factors. We propose that all essential proteins may have more than one route into the nucleus, explaining why the Kap family members are functionally overlapping.
